RESEARCH Q uinoa (Chenopodium quinoa Willd.) is an annual seed crop from the Andean region of South America. The broad adaptation, high nutritional value, and health benefits of quinoa have contributed to its recent rise in popularity across the globe Murphy et al., 2016; Jacobsen, 2017; Maliro et al., 2017; Agza et al., 2018; Murphy et al., 2018; Noratto et al., 2019) . Quinoa seeds provide a high-quality protein diet to humans, as they typically contain significant amounts of the nine essential amino acids (Wu, 2015) . Quinoa also possesses high concentrations of iron, calcium, and phosphorus (Vega-Gálvez et al., 2010; Wu, 2015; Wu et al., 2016; Vilcacundo and Hernández-Ledesma, 2017) , has unique extrusion properties (Aluwi et al., 2016; Kowalski et al., 2016) , and has important end-use quality and consumer acceptance characteristics (Aluwi et al., 2017; Wu et al., 2017a Wu et al., , 2017b . Quinoa has the capacity to grow and adapt to marginal environments in many regions across the globe, and it exhibits notable tolerance to abiotic stressors such as drought and salinity (Jacobsen et al., 2003; Adolf et al., 2013; Ruiz et al., 2014 Ruiz et al., , 2016 Hinojosa et al., 2018) .
Spectral Reflectance Indices and Physiological Parameters in Quinoa under Contrasting Irrigation Regimes
Leonardo Hinojosa, Neeraj Kumar, Kulvinder S. Gill, and Kevin M. Murphy* ABSTRACT High temperatures, coupled with arid environments, are a major constraint to quinoa (Chenopodium quinoa Willd.) production. Here, we tested the effectiveness of multiple phenotypic and physiological parameters useful in the selection of heat-tolerant quinoa genotypes. Initially, we screened 112 quinoa genotypes for leaf greenness index under high-temperature greenhouse conditions. Of these, eight genotypes were selected for field evaluations under irrigated and rainfed treatments in two locations over two growing seasons (2016) (2017) in Washington State. Of these eight, four genotypes were selected as potentially heat tolerant (QQ74, Baer, BGQ 352, and Pison), and four were selected as heat-susceptible (17 GR, La Molina, 3 UISE, and Japanese Strain). Spectral reflectance indices including normalized difference vegetation index (NDVI) and green NDVI, as well as multiple physiological parameters, such as stomatal conductance, leaf temperature, and area under soil plant analysis development (SPAD) value decline curve (AUSDC), were evaluated. Results show variability in stomatal conductance among genotypes with 17 GR and BGQ 352 having the highest stomatal conductance and QQ74 the lowest. Baer, Pison, and QQ74 had the highest NDVI value across environments, and Japanese Strain had the lowest. Best linear unbiased prediction values in AUSDC showed that QQ74 had the highest leaf greenness and Japanese Strain had the lowest; these were classified as heat tolerant and heat susceptible, respectively. The NDVI is a potentially useful measure to predict grain yield in quinoa.
One of the constraints to global quinoa production is its susceptibility to high temperatures or heat stress during critical reproductive stages. Moderately high temperatures (25-28°C) stimulate quinoa growth (Yang et al., 2016; Becker et al., 2017) ; however, high temperatures above 35°C during anthesis can reduce grain yield in field conditions (Fuentes and Bhargava, 2011; Peterson and Murphy, 2015a; Walters et al., 2016; Lesjak and Calderini, 2017) , as well as in controlled environments (Bertero et al., 1999; Isobe et al., 2012; Bunce, 2017) . Pollen viability of quinoa has been shown to be reduced by temperatures above 38°C, but without a concomitant effect on seed yield under controlled conditions ( Johnson and Croissant, 1990; Hinojosa et al., 2019a) . New molecular markers could help to identify drought and heat tolerance in quinoa ( Jarvis et al., 2017) ; for instance, peroxisome biogenesis genes PEX11C and FIS1A, which are overexpressed in drought and heat conditions, showed that peroxisome abundance could be used as a sensitive parameter for identifying stress tolerance in quinoa (Hinojosa et al., 2019a (Hinojosa et al., , 2019b .
The inland region of the Pacific Northwest (iPNW), located across eastern and central Washington, north-central Oregon, and northern Idaho, consists of >9.4 million ha of dryland agroecosystems (Huggins et al., 2014; Kaur et al., 2017) . Currently, grain-based iPNW farmers do not have many economically viable crop options in their rotation systems; regionally novel crops such as proso millet (Panicum miliaceum L.), oats (Avena sativa L.), flax (Linum usitatissimum L.), and quinoa could fill both an agronomic and marketing niche (Peterson and Murphy, 2015a; Habiyaremye et al., 2017a Habiyaremye et al., , 2017b Winkler et al., 2017) . Due to its market potential and unique agronomic characteristics, quinoa could be a good option to rotate through this dryland cropping system. However, it is necessary to identify new quinoa genotypes that will tolerate the high temperatures and dry conditions of the iPNW.
Phenotyping under field conditions is a tested strategy to identify well-adapted germplasm to specific environments and to understand their basic biology (Araus and Cairns, 2014) . However, phenotyping under field conditions for physiological parameters is a time-consuming and challenging process due to climate fluctuations and strong genotype ´ environment interactions (Ghanem et al., 2015) . In the recent past, new methods and tools such as spectral radiometry and other indirect sensing methods have been developed to help phenotype plants under field conditions (Araus and Kefauver, 2018) . Spectral reflectance indices (SRIs) are calculated in the visible and near-infrared ranges (400-700 and >700 nm respectively). Various traits can be estimated using these indices (Wiegand and Richardson, 1990) , including plant biomass, pigment abundance, area of photosynthetic canopy, and leaf greenness (Aparicio et al., 2000; Reynolds et al., 2012) . Recent studies have demonstrated that SRIs can be used reliably to identify novel and/or confirm the quantitative trait loci (QTLs) for yield and its component traits in winter wheat (Triticum aestivum L.) in different environments (Gizaw et al., 2018) .
Chlorophyll fluorescence is another tool for phenotyping plants in different abiotic environments (Sharma et al., 2015; Zhou et al., 2015) . Recently a device called the MultispeQ has been released that can rapidly measure various photosynthetic parameters and leaf chlorophyll content (Kuhlgert et al., 2016) . The MultispeQ has been successfully used in diverse crops such as potatoes (Solanum tuberosum L.), tobacco (Nicotiana tabacum L.), and beans (Phaseolus vulgaris L.) (Tietz et al., 2017; Gómez et al., 2018; Prinzenberg et al., 2018; Soltani et al., 2018) . Past studies have demonstrated the role of physiological and biochemical parameters to evaluate drought and heat stress in quinoa, such as chlorophyll fluorescence (Fghire et al., 2015; Yang et al., 2016) . The maximum potential quantum efficiency of Photosystem II (PSII) (F v /F m ) is the chlorophyll fluorescence parameter that most frequently is used to detect stress-induced perturbations in the photosynthetic apparatus (Baker and Rosenqvist, 2004) . There are other chlorophyll fluorescence parameters used to evaluate abiotic stress in plants; for example, the quantum yield of PSII under light conditions (F II ), which measures the fraction of light energy captured by PSII, and the nonphotochemical quenching (NPQ), which is the heat dissipation of the light energy (Maxwell and Johnson, 2000; Zhou et al., 2017; Tietz et al., 2017) .
In the present study, we evaluated 112 quinoa genotypes under greenhouse conditions to select heat-tolerant genotypes. Putative heat-tolerant (n = 4) and heat-susceptible (n = 4) accessions were selected for SRI, agronomic, and physiological trait evaluation in multilocation field testing under irrigated and nonirrigated treatments. Our objectives of this field study were (i) to evaluate the effectiveness of high-throughput physiological and SRI tools to identify heat and drought tolerance as a method for indirect selection for grain yield in quinoa, and (ii) to identify genotypes with broad adaptation to irrigated and nonirrigated conditions in two distinct agroenvironments of Washington State.
MATERIALS AND METHODS

Greenhouse Experiment
One hundred and twelve accessions of quinoa from different geographic origins were evaluated under high-temperature greenhouse conditions at the Plant Growth Facility at Washington State University (WSU), Pullman, WA (46°43¢55¢¢ N, 117°09¢03¢¢ W), during January to May 2016. Quinoa seeds were sourced from the USDA National Plant Germplasm System, the Germplasm Bank of Quinoa (La Molina, Lima, were planted in two consecutive growing seasons (2016 and 2017) for field evaluations at the WSU Spillman Agronomy Farm, Pullman, WA (46°41¢54¢¢ N, 117°08¢48¢¢ W; 760 m asl) in a silt loam soil with a pH of 5.4 to 5.6 and 2.3% organic matter. In 2016, the same genotypes were planted at Finnriver Farm in Chimacum, WA (48°0¢29¢¢ N, 122°46¢12¢¢ W; 50 m asl) in a sandy loam soil, with a pH of 5.7 and 3.9% organic matter. In 2017, the experiment was performed at the WSU Research and Extension Center in Mount Vernon, WA (48°26¢24¢¢ N, 122°23¢24¢¢ W; 7 m asl) in a silt loam soil with a pH of 6.6, and 2.9% organic matter. The weather conditions for the four environments during the growing season are illustrated in Fig. 1 (AgWeatherNet, 2018).
Quinoa seeds were planted in the greenhouse, and after 4 wk the seedlings were transplanted in the field. In 2016, the quinoa plants were transplanted in Pullman on 2 June, and in 2017, they were transplanted on 11 May. In western Washington, the quinoa seedlings were transplanted in Chimacum in 2016 on 7 June and in Mount Vernon on 19 May. The field was divided into two experimental areas, one used for irrigated treatment and other for nonirrigated treatment. Each genotype was replicated four times per treatment. Supplemental drip irrigation was installed for the irrigated treatment, and the total water amount delivered was 250 and 237 mm in Pullman in 2016 and 2017, respectively, and 160 and 130 mm in Chimacum 2016 and Mount Vernon 2017, respectively. Irrigation was supplied at least twice per week from transplanting until the fruit development stage according to soil moisture content (Supplemental Fig. S1 ). Moisture content and soil temperature were recorded using a 5TM soil moisture and temperature sensor with a ProCheck sensor read-out and storage system, which was placed at 20-cm depth (Decagon Devices).
Spectral reflectance data were measured using a handheld multispectral radiometer system (CROPSCAN) with 16 fixed wavelength bands. The spectroradiometer detects light from the canopy ranging from 415 to 970 nm. The spectral measurements were taken at least one time between inflorescence emergence and end of the flowering stage (50-69 BBCH scale) (Sosa-Zuniga et al., 2017) . Reflectance measurements were taken between 1100 and 1500 h under sunny conditions in three different places in each plot. The mean of the readings was used to calculate spectral indices. The different spectral reflectance indices used include normalized difference vegetation index (NDVI), simple ratio I (SR), green normalized difference vegetation index (GNDVI), and normalized water Perú), Miguel Lillo Foundation in Tucuman, Argentina, and adapted germplasm from WSU (Supplemental Table S1 ). The quinoa plants were grown in square pots (2.6-L volume capacity) filled with mixed substrate (Sunshine professional growing mix), 70 to 80% Canadian sphagnum peat moss (Sun Gro Horticulture) . Five to ten seeds per pot were seeded and thinned out to single plant per pot, 10 d after seeding. Fertilization was applied 20 d after seeding with 2 g of Osmocote classic (13-13-13 N-P-K, Everris) per pot.
The controlled condition experiment was conducted in two side-by-side greenhouse rooms. The control greenhouse room had an average temperature of 26.7°C during the day and 20.3°C during the night. The high-temperature greenhouse room had an average constant nighttime temperature (10:00 PM to 6:00 AM) of 23.5°C; the temperature during the daytime was simulated as actual field conditions. The day temperature started at 0600 h with 22°C and was increased 1°C every hour up to 0900 h and then 3°C every hour up to 1400 h, after which the temperature was kept constant (?40°C) from 1400 to 1600 h and then decreased gradually. The photoperiod in each greenhouse was 16 h of light per day with a light intensity of 400 mmol m −2 s −1 .
All genotypes were grown in the control treatment from seeding until the beginning of Anthesis Scale 60 from the Biologische Bundesanstalt Bundessortenamt und Chemische Industrie (BBCH) code system (Sosa-Zuniga et al., 2017) , at which point they were moved to the heat treatment until harvest. Leaf greenness index (LGI) was measured on three random leaves from the middle of each plant by a Minolta SPAD-502 M sensor (Konica Minolta Sensing) on the day that the plants were moved to the high-temperature conditions (Day 0) and 12 d after the heat treatment. The reduction of LGI was calculated as the difference between LGI on Day 12 of the heat treatment and LGI on Day 0. When the plants were fully dry, seeds were harvested, and grain yield was determined as grams per plant. Based on grain yield and the difference in LGI, four accessions were selected as putative heat-susceptible genotypes and four were selected as putative heat-resistant genotypes for the subsequent 2-yr field trials.
Field Experiment
Of the eight quinoa genotypes preselected based on the greenhouse experiment, four were classified as potentially heat tolerant (QQ74, Baer, BGQ 352, and Pison) and four were classified as potentially heat susceptible (17 GR, La Molina, 3 UISE, and Japanese Strain) (Table 1 ). These eight genotypes The driest summer was in 2017 at both Pullman and Mount Vernon, with <1.00 mm of rainfall in the months of July and August (Fig. 2B ). Relative humidity is clearly different between the iPNW and the locations in the western Washington. Chimacum and Mount Vernon recorded an average relative humidity over 70% during 2016 and 2017, whereas the average relative humidity in summer in Pullman was recorded as 30% each year ( Fig. 2C ).
Experimental Design and Statistical Analysis
A completely randomized design was used for the germplasm evaluation experiment, with three biological replicates (plants pot −1 ) grown for each genotype (112 genotypes). Grain yield per plant (g plant −1 ) and the difference between
LGI at Day 12 of the heat treatment and Day 0 were used to group genotypes using hierarchical clustering in JMP 8.0 (SAS Institute, 2012). For the field experiments, a split-plot randomized complete block design was used to evaluate the effect of the irrigation and genotype treatments in each location and year. The irrigation factor was considered the whole plot and the genotypes the subplot. Four blocks were used (2.77 m 2 plot −1 ), and 30 plants were grown in each plot with 30-cm distance between plants. The data were analyzed independently by environment and were subjected to two-way ANOVA. Data normality was tested by fitting to a normal distribution and assessing the goodness of fit with a Shapiro-Wilks W test. Levene's test was conducted to test the equality of variance. Standard error was shown as an estimate of variability. Post-hoc means separation for significant ANOVA factor effects were performed via Tukey honestly significant difference (HSD) test for genotypes, and LSD test for irrigation factor at the probability level of 0.05. Field experiments data were analyzed with R statistical programing language (R Core Team, 2015) using the 'agricolae' package (de Mendiburu, 2017) .
To determine the effect of the environments, the best linear unbiased predictor (BLUP) value for each genotype was calculated for yield, plant height, days to flowering, and AUSDC. The package 'lme4' (Bates et al., 2015) in R was used to calculate BLUP values. Broad-sense heritability (H 2 ) was estimated for each trait according to the following formula:
GL is variance of genotype ´ location interaction, s 2 is variance of residuals, y is number of years, and l is number of locations. To determinate the relation among the different parameters, the adjusted R 2 in Pullman 2016 and Mount Vernon 2017 was estimated using JMP 8.0 (SAS Institute, 2012). These two environments were chosen on the basis of the more reliable and superior performance of quinoa genotypes compared with the other environments. Correlations were estimated separately by irrigation treatment. The adjusted R 2 was reported to explain the percentage of the variance in the linear association. The genotypes BGQ 352 and La Molina were not included in this analysis because they did not produce grain yield in any of the four environments. index (NWI). Values for NDVI, SR, GNDVI, and NWI were calculated using the following equations: Gizaw et al., 2016a) where the R followed by the numbers stands for the wavelength of respective reflectance. The maximum quantum yield of PSII (F v /F m ) was performed using a pulse amplitude modulation portable MINI-PAM fluorometer (Walz) in a fully expanded leaf from the middle portion of the plant. Before taking the reading, the leaves were adapted in dark with a leaf clip (DCL-8, Walz) for 30 min. The same leaves were used for other readings like chlorophyll fluorescence, stomatal conductance, and leaf temperature by an SC-1 Decagon porometer. The LGI was measured by Minolta SPAD-502 meter (Konica Minolta Sensing). All the measurements were taken between 1000 and 1500 h. The area under soil plant analysis development (SPAD) value decline curve (AUSDC) was calculated using the following formula: Rosyara et al., 2007) where S i is the SPAD value on the ith date, T i is the ith day after sowing, and n is the number of dates of recording SPAD values. In 2017, quantum yield of PSII under light conditions (F II ), linear electron flow (LEF), leaf temperature differential, and nonphotochemical theoretical quenching (NPQ t ) (Kuhlgert et al., 2016; Tietz et al., 2017) were measured at both locations (Pullman and Mount Vernon) using a MultispeQ v1.0 (Kuhlgert et al., 2016; www.photosynq.org) . The plants were harvested by hand and the seeds were cleaned using a blower, Type 4110.21.00 (200 mm) Model 4110.20.09 (Seed Processing Holland). Agronomic traits including plant height, days to flowering, and seed yield were recorded.
Climate Characteristics
The PNW and iPNW have different climatic patterns. The trial site in Pullman (iPNW) during the 2 yr of experiments was characterized by high daily temperatures in the months of June, July, and August with maximum temperatures over 30°C; the maximum temperatures over 30°C were recorded for 27 d in 2016 and for 43 d in 2017. In Chimacum in 2016, the maximum temperatures over 30°C were recorded only for 6 d during August 2016. In Mount Vernon 2017, the maximum temperatures did not exceed the 30°C during the experiment ( Fig. 2A) . Dry summers were characterized in the four environments, with the exception of Chimacum in 2016, where 78 mm of rainfall was recorded during the month of June. 
RESULTS
Germplasm Experiment
Significant variation in grain yield and reduction in LGI was observed among genotypes under high temperatures (40°C). Four groups were identified in a hierarchical clustering dendrogram using grain yield and the LGI reduction values (Fig. 1) . Genotypes with high yield and low reduction in LGI were grouped in Cluster 1. Cluster 2 contains genotypes with high yield and high reduction of LGI, Cluster 3 groups genotypes with low yield and low reduction of LGI, and Cluster 4 contains genotypes with low yield and high reduction of LGI ( Fig. 1A and  1B) . Of the 122 genotypes, 40 did not produce any seeds under high-temperature conditions due to heat stress (Fig.  1B) . Three genotypes from Cluster 1 and one genotype from Cluster 3 were selected as potentially heat tolerant (QQ74, Baer, BGQ 352, and Pison). Three genotypes from Cluster 2 and one from Cluster 4 were selected as potentially heat susceptible (17 GR, La Molina, 3 UISE, and Japanese Strain) ( Fig. 1A , Table 1 ).
Spectral Reflectance Indices
Among the four SRIs evaluated, NDVI and GNDVI provided the most valuable information across the treatments; therefore, we recorded and discussed only those two SRIs in this section. During 2016, all the SRIs values were higher in the irrigated treatment at both locations (Pullman and Chimacum). However, in 2017, all SRIs values were higher in the nonirrigated treatment in Pullman, and no difference was observed between irrigated and nonirrigated treatments in Mount Vernon (Table 2) . A wide variability among genotypes was observed in SRIs. Baer, Pison, and QQ74 showed the highest NDVI value in all the four environments, whereas the NDVI of the genotype Japanese Strain was the lowest. BGQ 352 showed the highest GNDVI value in all the environments, and Japanese Strain showed the lowest value (Fig. 3 ).
Agronomic and Physiological Traits
Flowering time, plant height, AUSDC, and grain yield were analyzed across all four environments. A high broad-sense heritability was H 2 = 0.94 for flowering time and H 2 = 0.90 for plant height. Broad-sense heritability was moderate (H 2 = 0.53) for AUSDC and low (H 2 = 0.13) for grain yield.
Flowering time was not affected by the irrigation treatment in any of the environments except in Pullman 2017, where a two-way interaction between genotype and irrigation treatment was observed. Overall, early flowering pattern was observed at Mount Vernon 2017, whereas a late flowering pattern was observed at Chimacum 2016. Variability in flowering time was observed among genotypes, 17 GR and Pison flowered early across the four environments, and BGQ 352 and La Molina flowered late. Flowering time in BGQ 352 and La Molina were extremely late and did not reach to maturity in any of the environments (Tables 3-4 ). According to BLUP values calculated for all the four environments, Pison flowered the earliest and La Molina flowered the latest (Fig. 4) .
The shortest plant height was recorded in nonirrigated treatments at Pullman and Chimacum in 2016, and two-way interactions between treatments were recorded in both environments. In 2017, no difference in plant height was observed at the other two ocations between treatments (Tables 3-4 ). The tallest genotypes were La Molina and BGQ 352, and the shortest genotypes were Pison, 17 GR, and Japanese Strain across all the environments (Fig. 5) . The value of AUSDC was not significantly different between the levels of irrigation in Pullman 2016 and Mount Vernon 2017. However, the readings of AUSDC increased in the irrigated conditions at Chimacum 2017, whereas AUSDC was lower in the irrigated conditions at Pullman 2017 (Tables 3-6 ). According to the BLUP values, QQ74 obtained the highest AUSDC value, and Japanese Strain obtained the lowest (Fig. 4) . The physiological parameters including stomatal conductance, leaf temperature, and chlorophyll fluorescence were determined on different days and at different plant growth stages in each environment; these were presented and discussed individually by location and year. Stomatal conductance and leaf temperature were altered by the irrigation treatment in both locations in 2016. Thus, supplemental irrigation increasing stomatal conductance might be due to cooler quinoa leaves. The variability in stomatal conductance among genotypes was observed in Chimacum 2016; 17 GR showed the highest stomatal conductance, and QQ74 showed the lowest (Tables 3-4 ). In 2017, stomatal conductance and leaf temperature were not altered by the irrigation treatment in either location. However, variability in stomatal conductance among genotypes was noted in Pullman 2017. BGQ 352 showed the highest stomatal conductance, and QQ74 showed the lowest. The variability in leaf temperature among genotypes was observed in Mount Vernon 2017; BGQ 352 recorded the highest leaf temperature, and Pison recorded the lowest (Tables 3-4 ). The maximum quantum yield of PSII (F v /F m ) was not significantly different in both factors (irrigation and genotypes) in any of the environments except for Pullman 2017, where a two-way interaction was identified.
Supplemental irrigation increased grain yield in all the environments except Mount Vernon 2017, where QQ74, Pison, and Japanese Strain performed better in nonirrigated conditions. In the four environments, BGQ 352 and La Molina did not produce any seed (Fig. 5a-5d ). In 2016, QQ74 and Pison obtained the highest yield in both the locations across irrigated and nonirrigated treatments ( Fig. 5a and 5b) . Pison was the only genotype that produced seeds in Pullman 2017 in irrigated as well as in nonirrigated treatments (Fig. 5c ). In Mount Vernon 2017, the highest yield was observed in QQ74 in the nonirrigated treatment with a yield of 2954 kg ha −1 . The highest grain yield was recorded in Mount Vernon 2017, with a mean yield of 1444 kg ha −1 (Fig. 5e) . Similarly, QQ74, Baer, and Pison showed the highest grain yield according to the BLUP values (Fig. 4) . Other physiological parameters such as quantum yield of PSII under light conditions (F II ), linear electron flow (LEF), leaf temperature differential, and nonphotochemical quenching theoretical (NPQ t ) were measured in Pullman 2017 in irrigated and nonirrigated conditions. The results showed that F II and leaf temperature differential were higher in nonirrigated conditions mainly in the end of the growing season ( Fig. 6A and 6D ). The NPQ t and LEF were higher in irrigated conditions (Fig. 6B and 6C) .
Coefficient of determination among the physiological, agronomic and SRIs parameters was calculated in one dry environment (Pullman 2016) and one highhumidity environment (Mount Vernon 2017) analyzed separately and by irrigation treatments. In Pullman 2016, AUSDC was positively correlated with grain yield in both treatments, the coefficient of determination was r 2 = 0.04 and r 2 = 0.17. The SRIs had a strong positive correlation among themselves (r 2 = 0.96 in both irrigated treatments). Under irrigated conditions, the SRIs and the F v /F m were negatively correlated with the leaf temperature (r 2 = 0.04-0.07), and AUSDC was positively correlated with all the parameters (r 2 = 0.04-0.22), except for plant height and leaf temperature, which was not significantly correlated (Table 5) . Under nonirrigated conditions, leaf temperature was positively correlated with the grain yield (r 2 = 0.08), and all the SRIs were positively correlated with plant height (r 2 = 0.23-0.33) and negatively correlated with F v /F m (r 2 = 0.21-0.23) ( Table 5 ).
In Mount Vernon 2017, the location that represented a high relative environmental humidity, the r 2 showed that in both irrigation treatments, LEF was negatively correlated with F II (r 2 = 0.28 and 0.31) and positively correlated with NPQ t (r 2 = 0.38 and 0.29). The LGI showed strong positive correlation with AUSDC (r 2 = 0.88 and 0.90) ( Table 6) . Under irrigated conditions, grain yield did not show any correlation with any of the evaluated parameters evaluated. Under non-irrigated conditions, grain yield showed a positive correlation with all the SRIs, AUSDC, plant height, and the F II (r 2 = 0.07-0.17), and a negative correlation with NPQ t (r 2 = 0.08). The SRIs were negatively correlated with LEF and NPQ t (r 2 = 0.07-0.09) ( Table 6 ).
DISCUSSION
Germplasm Selection
High temperatures above 35°C could be a barrier to successful quinoa production, particularly in arid and dry environments (Bertero et al., 1999; Bhargava et al., 2006; Fuentes and Bhargava, 2011; Peterson and Murphy, 2015a) . High temperatures can stimulate the plant growth in quinoa (Yang et al., 2016; Becker et al., 2017; Bunce, 2017; Hinojosa et al., 2019a) but will also reduce pollen viability (Hinojosa et al., 2019a) . Genetic variability has been reported in high-temperature conditions for grain yield due to heat stress (Bunce, 2017) , which indicates that existing variability can be exploited to develop highyielding, heat-tolerant quinoa varieties in the future.
The loss of chlorophyll content is negatively correlated with heat stress in wheat (Ristic et al., 2007) . Several studies in wheat, barley (Hordeum vulgare L.), and bentgrass (Agrostis stolonifera L.) have shown that chlorophyll content is one of the traits sensitive to heat stress (Lopes and Reynolds, 2012; Reynolds et al., 2012; Rossi et al., 2017; Wang et al., 2017) , indicating that genotypes that maintain consistently high leaf greenness levels are more tolerant to heat stress. In our greenhouse screening experiment, all the quinoa genotypes that produced >4 g of seed per plant at 40°C were from sealevel quinoa types, and the majority of genotypes that did not produce seeds were originally from the Andean valley of Peru, where quinoa is commonly grown at an altitude of 2000 to 3500 m with a daylight period close to 12 h. These results concurred with Isobe et al. (2016 Isobe et al. ( , 2018 , who found that seed yield of sea-level quinoa varieties are not influenced by daylength and high temperature. On the contrary, seed weight and seed number of sea-level quinoa varieties evaluated in field conditions in Japan were higher, when the temperature at flowering to maturity ranged from 17.6 to 31.8°C in relation to lower temperatures (7.0-25.0°C) (Isobe et al., 2016) . With the exception of BGQ 352, the genotypes that were selected as potentially heat tolerant from the initial greenhouse evaluation performed better than the potentially heat-susceptible genotypes in the field experiments.
Spectral Reflectance Indices
The SRI scores were different across environments, genotypes, and irrigation treatments (Table 2, Fig. 3 ). In Mount Vernon 2017, the SRIs could not differentiate between genotypes in irrigated and nonirrigated treatments, perhaps due to the measurements, which were performed only once during the transition phase that was between the fruit development and ripening (70-90 BBCH) stage, when the leaves started to change color. A previous study using SRIs in wheat described that the mid-grain-filling stage is the most informative to measure SRIs, because genotypic variation at that stage is higher than early vegetative and heading stages (Babar et al., 2006) . For physiological parameters such as stomatal conductance and chlorophyll fluorescence, the quinoa plants did not show signs of drought stress in nonirrigated treatments in both Mount Vernon and Pullman 2017 (Table 4 ).
In 2016, the plants showed drought stress under the nonirrigated treatment for physiological parameters in both Pullman and Chimacum (Tables 3) as expected. In the same year, NDVI and GNDVI were higher in irrigated conditions. Similar results were observed in wheat under drought conditions (Gizaw et al., 2016a (Gizaw et al., , 2016b . The NDVI showed the highest coefficient of determination (r 2 = 0.17) with yield in Mount Vernon 2017 under the nonirrigated treatment (Table 6) . Similarly, NDVI showed higher selection efficiency in wheat grown in high-precipitation environments (Gizaw et al., 2016b) . In our field experiments, a wide range of genetic variability based on SRIs was observed. Baer, Pison, and QQ74 recorded high level of NDVI in all the four environments ( Fig. 3) . Likewise, the same genotypes obtained the highest yield based on the BLUP values ( Fig. 4) and were also classified as potentially heat-tolerant genotypes (Fig.  2) . Hence, NDVI could be an excellent tool to identify heat-and drought-tolerant quinoa genotypes in the PNW.
BGQ 352 recorded the highest GNDVI value in all the environments (Fig. 3) . Interestingly, BGQ 352 has a red plant coloration, likely with a high concentration of various pigments such as betacyanins, which gives the red characteristic in quinoa (Tang et al., 2015; Escribano et al., 2017) . The range detection wavelength of 536 to 552 nm were found at 16 different betacyanins using 37 species in the Amaranthaceae family (Cai and Corke, 2001) , and the red-violet betacyanins group was detected in a wavelength of ?540 nm (Esatbeyoglu et al., 2015) . The GNDVI formula was calculated using a reflectance wavelength of 550 nm (Gitelson et al., 1996) ; thus, GNDVI could be used as an indirect indicator of high betacyanin concentration in the quinoa leaves. However, biochemical studies are necessary in the future to prove this hypothesis.
Agronomic and Physiological Parameters
Flowering time was not significantly influenced by irrigation treatment; however, a minimal delay in flowering was observed in nonirrigated conditions in Pullman 2017 (Tables 3-4 ). Severe drought stress signs have been reported up to the anthesis stage by Geerts et al. (2008) that resulted considerable increases the time of anthesis and physiological maturity; however, the moderate level of drought stress was not likely to cause this effect. Supplemental irrigation increased plant height in 2016 at both locations (Pullman and Chimacum), but no such differences were observed in 2017. These results are in agreement with other studies (Sun et al., 2014; Walters et al., 2016; Al-Naggar et al., 2017) that report that supplemental irrigation increases plant height. The reduction in plant height in the nonirrigated treatment is an obvious sign of drought stress, which can be supported with the lowest stomatal conductance values obtained in 2016. However, quinoa plants did not show drought stress in either of the two locations during 2017 (Tables 4); thus, no significant differences for plant height were observed.
Leaf greenness showed positive correlation with chlorophyll content (Cerovic et al., 2012) . In quinoa, a red-green-blue image regression analysis acquired by a single-lens reflex (SLR) camera showed a high positive correlation with chlorophyll content (Riccardi et al., 2014) . In our field experiment, leaf greenness was measured as AUSDC (Rosyara et al., 2007) . The chlorophyll content has been used as an effective parameter to select heat-tolerant wheat (Ristic et al., 2007) . In the current study, AUSDC did not differentiate between the irrigated and nonirrigated treatment in most of the environments during field evaluation. We expected to have lower leaf greenness values in quinoa plants in nonirrigated conditions. On the contrary, AUSDC was higher in nonirrigated conditions in Pullman 2017, the driest environment (Fig. 2, Supplemental Fig. S1 ). This could be due to the high accumulation of snow in winter 2016 (AgWeatherNet, 2018) resulting sufficient soil moisture stored in deep soil profiles. Furthermore, a fast root elongation and deep soil exploration under soil water deficit has been reported in quinoa (Alvarez-Flores et al., 2018) , helping to avoid drought stress symptoms.
The BLUP values in AUSDC showed that QQ74 had the highest leaf greenness and Japanese Strain had the lowest; those same genotypes were classified as heat tolerant and heat susceptible, respectively, in our greenhouse experiment. Furthermore, QQ74 was previously observed to be heat tolerant in Pullman (Peterson and Murphy, 2015b) . Hence, AUSDC could potentially be used as another tool to predict quinoa yield in PNW.
In our experiments, F v /F m was not significantly different for either genotype or irrigation treatments in any of the environments, except Pullman 2017. Among genotypes, QQ74 showed the highest F v /F m and Japanese Strain showed the lowest in Pullman 2017. Interestingly, F v /F m had a similar pattern to AUSDC, where both parameters ranked the highest in QQ74 and the lowest in Japanese Strain. The F v /F m is not an ideal high-throughput tool to evaluate plants in the field conditions due to excessive time consuming to achieve dark adaptation. However, F II and NPQ t are physiological parameters that can be measured in a few seconds (Kuhlgert et al., 2016) . In our experiments, those parameters were recorded in 2017. Under the irrigation treatment at Pullman 2017, NPQ t was higher and the value of F II was lower. In wild heat-tolerant tomatoes (Solanum lycopersicum L.), the F II decreased and NPQ increased under drought and combined heat and drought stress (Zhou et al., 2017) .
Notably, differences for genotype, environment, and genotype ´ environment interaction were found for grain yield. Several reports showed high genotype ´ environment interaction effect on grain yield, seed size, and seed composition of quinoa (Bertero et al., 2004; González et al., 2012; Miranda et al., 2013; Curti et al., 2014 Curti et al., , 2018 De Santis et al., 2016; Maliro et al., 2017) . The short-day genotypes (BGQ 352 and La Molina) are not adapted to the PNW region and did not produce any grain in the four environments. Short-day quinoa genotypes are more sensitive to high temperature in long days (Bertero et al., 1999; Isobe et al., 2018) . On the other hand, the grain yield of three quinoa genotypes (QQ74, Pison, and Baer) was high and stable in all of the environments. In addition, these three genotypes showed a high level of NDVI and AUSDC.
The grain yield of quinoa was increased by the effect of supplemental irrigation in all of the environments except Mount Vernon 2017. These results showed that irrigation could improve grain yield and reduce the effect of heat stress. These results are in agreement with other field-based studies conducted previously (Geerts et al., 2008; Walters et al., 2016; Maliro et al., 2017) . On the other hand, our results showed that irrigation is not essential in western Washington (Mount Vernon), where quinoa genotypes performed equally or better in rainfed conditions. However, sowing date also plays an important role involving other factors such as length of growing season, weather temperature, radiations, weed pressure, pests, and diseases (Pulvento et al., 2010; Hirich et al., 2014; Isobe et al., 2016; Nurse et al., 2016) . Curiously, we expected the highest grain yield in Chimacum 2016; however, the yield was quite low. This could be due to the high infestation of black aphids (Aphis spp.) and high precipitation in the middle of June, which may have produced panicle decay.
Poor yield in Pullman 2016 and no grain yield in all the genotypes except Pison in Pullman 2017 was recorded (Fig. 5) . The lack of water was not the reason that quinoa did not produce seeds because there was no difference across irrigation treatments for grain yield. High temperature of 40°C can reduce pollen viability, but without a concomitant effect on grain yield (Hinojosa et al., 2019a) . This previous experiment was conducted in growth chamber conditions, where the relative humidity was kept around 45 to 65%. This high relative humidity likely helped in the pollen germination process. Relative humidity in Pullman in both years (2016 and 2017) dropped down to an average of 40% in the months of June and July, with some days even less than 30% ( Fig. 1; AgWeatherNet, 2018 ). Furthermore, high pressure of lygus bugs (Lygus shulli, Lygus hesperus, or Ligus elisus; http://www.discoverlife.org) and green stink bug (Nezara viridula) were observed in both years (Supplemental Fig. S2 ); these pests cause damage particularly during flower and seed development. A report in the San Luis Valley in Colorado showed that an infestation of false chinch bug (Nysius spp.) and lygus bug devastated the quinoa plantings during late June and early July (Cranshaw et al., 1990) . Here, we hypothesize that low relative humidity and high pressure of lygus bug have stronger combined effects than the single effects of high temperature or drought in determining quinoa seed set.
CONCLUSIONS
Results of the greenhouse experiment showed that LGI and grain yield are the most effective parameters in evaluating quinoa for heat tolerance. Results from the field experiments have shown that quinoa can grow well in the PNW; however, poor grain yield occurs in iPNW. High temperature and low relative humidity could be the reasons for the low grain yield in Pullman. Supplemental irrigation can relieve the high temperature effect in iPNW. The NDVI is an effective SRI parameter to predict grain yield in quinoa. The GNDVI could be associated with the red pigmentation in quinoa.
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